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Abstract 
To investigate the aging process of AC PDPs manufacturing, Mg-Zr-O protective films were deposited on glass substrates by 
magnetron sputtering method, and made into macroscopic discharging cells. The aging of discharge cells was accomplished with 
different time, and discharging voltages (the firing voltage and the minimum sustaining voltage) of them were measured. Results 
reveal that the firing voltage Vf and the minimum sustain voltage Vs are reduced by about 18V and 10V in the initial aging 
process (0̚20 min) respectively, then tend to be constant as the aging time increases further. The XPS measurement suggests 
the density of states for valence band rises with the increase of aging time from 0 to 20min, while valence band edge is slightly 
shifted to a low binding state. When the aging time exceeds 20min, the electron structure tends to be in a stable condition 
gradually. Similar behavior is observed in both the relative intensity of (200) preferred orientation to (220) observed by XRD and 
surface toughness detected by AFM. The transformation of microstructure was observed. © 2009 Published by Elsevier B.V. 
PACS: 68.55.-a, 85.60.Pg, 52.75.-d 
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1. Introduction 
Alternating current plasma display panel (AC PDP) is considered as the most promising candidate for the large-
size flat television sets due to its large screen, thin and lightweight panel, wide view angle, high image quality and 
low production cost [1-3]. In order to reduce discharging driving cost and increase the lifetime of AC PDPs, MgO as 
a dielectric protective film is deposited on the surface of the dielectric film, yielding a high ion-induced secondary 
electron emission coefficient while at the same time protecting the dielectric film above the electrodes from 
sputtering [4]. R. Kim et al report that a small amount of Zr was added to the MgO films to obtain a higher 
secondary electron emission coefficient and lower discharging voltages comparing with the pure MgO films [5-6]. 
Our previous studies also reveal that an appropriate amount of Zr in MgO improves the discharging characteristics 
due to microstructure transformation of protective films [7]. On the other hand, the process of aging in PDP 
manufacturing, in which discharging cells are operated for several hours, could cause the changes in microstructure 
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of protective films. Meanwhile, it is reported that the secondary electron emission coefficient is increased as the 
discharging voltages are both decreased during aging. Although Aboelfotoh et al explain the effect of aging on the 
electron structures [8], and Byrum et al report the removal of surface hydroxide by in-vacuum sputtering for MgO 
during aging [9], the relationship between discharging voltages and some key factors of microstructure, such as 
density of electron states, preferred orientation, surface morphology etc., have not been demonstrated synthetically. 
In parallel, few studies can be found concerning different kinds of dynamic mechanism for microstructure 
transformation caused by the aging process.  
However, the theory of aging mechanism is benefit to the empirical approach of AC PDP manufacturing. In this 
study, we report the effect of aging on microstructure and discharging characteristics of Mg-Zr-O protective films, 
and clarify the aging mechanism dominated by ion bombardment process, including the removal of adsorbed 
impurities, the rearrangement and sputtering of Mg-Zr-O films themselves.
2. Experimental Details 
NbN and Nb-Si-N films were both deposited on mirror-polished Si (100) wafers by reactive magnetron sputtering 
Mg-Zr-O protective films were deposited on soda-lime glass substrates by a reactive magnetron sputtering method. 
The Mg (99.99%) target and Zr (99.99%) target were co-sputtered in a mixture of argon and oxygen. The sputtering 
conditions of the Mg-Zr-O composite films are summarized in Table 1.  
TABLE 1 Deposition conditions of Mg-Zr-O composite films 
Base pressure of vacuum chamber <10-5Pa 
Work pressure 0.3Pa 
Flow rate of Ar/O2 30:10 sccm 
Distance between substrate and targets 10cm 
Sputtering power for Mg target 200W 
Sputtering power for Zr target 20W 
Mg-Zr-O composite film thickness 300nm 
The aging treatment and discharging measurement were carried out in a testing macroscopic discharge cell of AC 
PDP filled with Ne gas at 5 KPa. Fig. 1 schematically shows the cross-sectional diagram of the testing macroscopic 
discharge cell of AC PDPs. The gas gap distance between parallel electrodes is 0.5mm and each electrode area is 
10×10mm2. When these PDP discharge cells were fired, AC sinusoidal voltage with a driving frequency of 40 KHz 
was applied between electrodes X and Y. After deposition of Mg-Zr-O films, the aging of these discharge cells was 
accomplished by operating them at a sustain voltage of 300V with different time of 1min, 2min, 5min, 10min, 
20min, 60min and 120min. Furthermore, the firing voltage (Vf) and the minimum sustaining voltage (Vs) of cells 
with different aging time were measured.  
Fig.1 Cross-sectional schematic diagram of the testing macroscopic discharge cell of AC PDP 
The surface chemical composition and microstructure of as-deposited Mg-Zr-O films were conducted by energy 
dispersive spectroscopy (EDS) and transmission electron microscopic (TEM). The density of states of electrons in 
these Mg-Zr-O films with different aging time was determined by x-ray photoelectron spectroscopy (XPS). In
addition, the crystal structure of films was examined by x-ray diffraction (XRD). Surface morphologies of the 
composite films were analyzed by field-emission scanning electron microscopy (FESEM) and atomic force 
microscope (AFM). 
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3. Results and Discussions 
The surface chemical compositions of Mg-Zr-O films were determined by EDS, and the results showed that the 
atomic concentrations of Mg, Zr and O are 42.27%, 1.55% and 56.17%, respectively. The concentration of Zr is 
suggested to be under the solid solution limit of Zr in MgO, which leads to relatively good discharging 
characteristics of these films [7].
The crystals structure of Mg-Zr-O films was analyzed by XRD patterns, as shown in Fig2. The results reveal that
the as-deposited films have two preferred orientations, (200) and (220). The relative intensity of (200) to (220) 
diffraction peak increases as increasing aging time from 0min to 20min, and then the intensity of (220) diffraction 
peak tends to be zero gradually as the aging time increases further. During the process of aging, ion-bombardment is 
the most important process which determines the transformation of microstructure for protective films [10]. 
Considering ions accelerating in the sheaths and fast neutral atoms generating by charge exchange collisions, the 
energy distribution of ions (including ions and fast neutrals) at the surface of protective films has been reported in 
some studies [11]. Owing to the momentum transfer from these energetic ions to surface atoms, there are three kinds 
of mechanism in ion-bombardment process: (1) The absorbed impurities are desorbed or dissociated on the surface 
[12] (2) For partial ions with energy beyond the sputtering threshold of protective films, target atoms could be 
removed from the surface by sputtering process [13] (3) If the energy of ions is relatively low, they might promote 
target atoms to rearrange and form a stable structure. The (3) could be demonstrated by the variety of XRD patterns. 
As well known, MgO has a NaCl type structure for that the interatomic distance is the largest on the (200) surface, 
and thereby the (200) plane of MgO has the lowest surface energy. From this point of view, low-energy ions could 
promote target atoms to form more stable plane, inducing the intensity of (200) diffraction peak to increase. The 
TEM images show that the grain of the films is very fine and the mean grain size is about 8nm. Due to the small 
gain size, the movement of atoms becomes not difficult in Mg-Zr-O films. However, as the aging time increases 
further, the rearrangement becomes less active, because the preferred orientation (220) has almost transferred to 
(200). It is reported that the secondary coefficient for (100)-oriented MgO single crystals is slightly larger than for 
(110) [14]. On the other hand, it is reasonable that the sputtering and erosion of surface films causes the increasing 
of oxygen vacancies (F and F+) existed in Mg-Zr-O films during aging, which is in contact with the slightly shift of 
valence band edge to a low binding state [8].  
Fig.2 XRD patterns of Mg-Zr-O films with different aging time 
To further study the change of crystal orientation of MgO film, 200KeV electron beam in HRTEM was used to 
bombard the labelled zone and the microstructure transformation of labelled zone was observed in situ. Fig 3 shows 
the changes of crystal orientation of labelled zone with different electron beam bombarding time. The results prove 
that crystal orientation could change under the bombarding condition. Although the electron beam bombarding is 
not as the aging plasma ion energy condition, the experiment can prove the result of XRD. 
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Fig.3 Transformation of microstructure with different electron beam bombarding time in HRTEM 
In addition, the effective secondary electron emission coefficient also depends on the surface morphologies 
strongly. Fig.4 shows the FESEM images of Mg-Zr-O films with different aging time of 0min, 10min, 20min and 
120 min. In the initial 20min, the column-channel structure becomes unclear with aging process continues, and the 
surface is smoother and more compact. However, when coarse columns have almost changed into fine particles 
(after 20min), the condition of surface morphologies becomes stable gradually. Similar varying tendency of the root-
mean-square (RMS) roughness values is conducted in the results of AFM measurement as shown in Fig.5. The RMS 
roughness continues descending as the aging time increases from 0min to 20min, and then tends to be constant 
gradually when aging time exceeds 20min. The results support the ion-bombardment mechanism introduced above. 
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At first, the adsorbed impurities are desorbed and dissociated on the surface, and the upper part of the film surface is 
sputtered, which both contribute to the surface getting smoother. The similar description can be found in studies of 
Lee et al [12]. However, as the aging time increases further, the surface of Mg-Zr-O protective films, which are 
exposed to the discharging gas directly, come to a stable condition. The sputtering and rearrangement come to a 
dynamic equilibrium, and the surface morphologies do not change any longer. Resulting from the smoothing of 
surface morphologies, more secondary electrons can escape from the surface easily which may be blocked by these 
deep channels in initial films [15]. 
The discharging voltages of the Mg-Zr-O protective films with different aging time are shown in Fig. 6. It is 
obvious from Fig. 3 that both firing voltage Vf and the minimum sustain voltage Vs of the films decrease rapidly 
during the initial 20min. However, when the aging time exceeds 20min, both of them tend to be constant. The stable 
values of Vf and Vs are reduced by about 18V and 10V, respectively, compared with as-deposited Mg-Zr-O 
protective films. As well known, the discharging voltages of the PDP cell depend on the effective secondary 
electron emission coefficient of the protective films [16]. Thus, the secondary electron emission coefficient of Mg-
Zr-O films could be increased obviously in the process of aging. The theory of secondary electron emission due to 
(a)                                           (b) 
(c) (d) 
Fig.4 FESEM images of Mg-Zr-O films with different aging time (a) 0min (b) 10min (c) 20min (d) 120min 
Fig.5 RMS roughness of Mg-Zr-O films as a function of aging time
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Fig.6 Firing voltage and sustain voltage of Mg-Zr-O films as a function of aging time 
the Auger ejection of electrons from material surface is summarized in previous researches [17-18]. In the case of 
Mg-Zr-O insulating surfaces in Ne gas, the theory shows that the secondary electron emission based on Auger 
emission is a combination of (1) Auger neutralization and (2) resonance neutralization followed by Auger de-
excitation. Unlike the metal surfaces, the Auger neutralization secondary electron emission yield of the insulating 
surfaces depends on the sum of the band gap and electron affinity instead of the surface work function. The sum of 
band gap and electron affinity is the critical energy for ions to induce electrons to escape from the surface. When 
induced by ions with certain energy beyond the energy limit, the electrons in higher energy levels obtain a higher 
probability to escape by Auger emission. Therefore, if there are no electrons in defect states, most of the ion-induced 
secondary electrons come from the valence band. As the density of valence state is increased, more secondary 
electrons can be ejected. It has been reported that the lower valence band of pure MgO is dominated by 2s orbital on 
the oxygen anion and the upper band by oxygen 2p orbital [19]. For ideal MgO films without any defect levels, the 
band gap is approximately 6̚7.8eV, which corresponds to the electron binding energy of oxygen 2p orbital when 
ignoring the influence of electron affinity [20]. In order to detect the aging effect on the density of states of electrons, 
the electron band spectra were analyzed by XPS. 
For Mg-Zr-O protective films, the doping of an appropriate amount of Zr introduces a defect level to MgO energy 
band structure [7], which is in contact with zirconium 4d energy level detected by XPS spectra. Meanwhile, the 
defect level introduced by oxygen vacancies (F and F+) can appear in the forbidden band of the Mg-Zr-O films [21].
The amount of Zr doped in MgO protective films is relatively small, and no obvious variety for Zr4d spectra was 
investigated. So, the XPS spectra of oxygen 2p, 2s orbital and magnesium 2p orbital were analyzed by XPS, which 
in this order have increasing binding energy. 
Fig.7 shows the O2p spectra of Mg-Zr-O films with different aging time of 0min, 10min, 20min and 120min. 
Comparing the spectra in the Fig.4 with each other, we observe a remarkable change in the O2p spectra. The 
intensity of O2p energy level rises as the aging time increases in the initial 20 minutes, and the band edge is slightly 
shifted to a low binding state by about 0.2eV. However, with further increasing of aging time, the intensity and 
position of O2p peak tend to be stable. The O2s and Mg 2p spectra are shown in Fig.8a and Fig.8b, respectively. It 
is noticeable that the intensity of O2s energy level is increased dramatically with increasing the aging time from 
0min to 20min, and becomes constant independent of aging time. No obvious changes are observed in the Mg 2p 
spectra as the aging time varies. The probabilities of transitions are expected to be proportional to the density of 
defect state and valence state. The slight shift of band edge in O2p spectra illuminates the enhancing of density of 
defect states introduced by oxygen vacancies (F and F+). Simultaneity, the density of valence state is increased 
which is proved by the growth of intensity of O2p and O2s binding peaks. No obvious changes are investigated in 
the density of states for inner electrons. The process of aging brings the changes in electronic structures, resulting in 
the growth of probability of the secondary electron emission. 
When the aging time increases further, the sputtering and rearrangement come to a dynamic equilibrium under a 
certain discharging condition, in which the effect of vacancy- forming is compensated by the rearrangement in order 
of atoms. Hence, the oxygen vacancies in surface could not increase any longer, and the erosion rate of protective 
films becomes constant, resulting in the stable XPS spectra. 
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Fig.7 O2p spectra of Mg-Zr-O films with different aging time 
(a)                                           (b) 
Fig.8 XPS spectra of Mg-Zr-O films with different aging time: (a) O2s energy level (b) Mg2p energy level 
4. Conclusions 
We investigated the effect of aging on Mg-Zr-O protective films in AC PDP. The discharging voltages decrease 
obviously in the initial discharging (0̚20 min), and then they become stable gradually. It can be attributed to the 
changes of electronic structures and surface morphologies. The ion-bombarding process, including the removal of 
adsorbed impurities, the rearrangement and sputtering of Mg-Zr-O films themselves, plays a significant role to these 
changes. The XPS measurement suggests the density of states for valence band rises with the increase of aging time 
from 0 to 20min, while valence band edge is slightly shifted to a low binding state. When the aging time exceeds 
20min, the electron structure tends to be in a stable condition gradually. Similar behaviour is observed in both the 
relative intensity of (200) preferred orientation to (220) observed by XRD and surface toughness detected by AFM. 
The transformation of microstructure was observed with HRTEM in situ. 
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